The waxy plant cuticle protects cells from dehydration, repels pathogen attack, and prevents organ fusion during development. The transcription factor WAX INDUCER1/SHINE1 (WIN1/SHN1) regulates the biosynthesis of waxy substances in Arabidopsis thaliana. Here, we show that the MIXTA-like MYB transcription factors MYB106 and MYB16, which regulate epidermal cell morphology, also regulate cuticle development coordinately with WIN1/SHN1 in Arabidopsis and Torenia fournieri. Expression of a MYB106 chimeric repressor fusion (35S:MYB106-SRDX) and knockout/down of MYB106 and MYB16 induced cuticle deficiencies characterized by organ adhesion and reduction of epicuticular wax crystals and cutin nanoridges. A similar organ fusion phenotype was produced by expression of a WIN1/SHN1 chimeric repressor. Conversely, the dominant active form of MYB106 (35S:MYB106-VP16) induced ectopic production of cutin nanoridges and increased expression of WIN1/ SHN1 and wax biosynthetic genes. Microarray experiments revealed that MYB106 and WIN1/SHN1 regulate similar sets of genes, predominantly those involved in wax and cutin biosynthesis. Furthermore, WIN1/SHN1 expression was induced by MYB106-VP16 and repressed by MYB106-SRDX. These results indicate that the regulatory cascade of MIXTA-like proteins and WIN1/SHN1 coordinately regulate cutin biosynthesis and wax accumulation. This study reveals an additional key aspect of MIXTA-like protein function and suggests a unique relationship between cuticle development and epidermal cell differentiation.
INTRODUCTION
The plant cuticle, which covers the surface of epidermal cells, consists of the lipophilic polymer cutin and cuticular waxes, which are synthesized from long-chain fatty acids. The cuticle is secreted from epidermal cells to the outside of the cell wall and serves to attract pollinators, to protect plants from dehydration, pathogen, and insect attacks, and to prevent organ fusion. Wax and cutin composition, secretion, and synthesis are modulated during cell expansion (Suh et al., 2005) and vary in different tissues (Li et al., 2007; Li-Beisson et al., 2009 ). Many mutants defective in wax or cutin biosynthesis have been reported, including mutants of genes required for the elongation of very-longchain fatty acids and mutants of genes required for cutin monomer biosynthesis; these mutants exhibit permeable cuticles, loss of epicuticular wax, and/or loss of cutin nanoridges on the surface of flowers (Jenks et al., 1995; Tanaka et al., 2004; Li-Beisson et al., 2009 ).
In addition to the known biosynthetic mutants, several transcription factors (TFs) have been shown to regulate cuticle biosynthesis. The most intensively studied TFs involved in cuticle development are WAX INDUCER1 (WIN1)/SHINE1 (SHN1) and its phylogenetic neighbors in the AP2/ERF family. WIN1/ SHN1 gain-of-function mutants from Arabidopsis thaliana and barley (Hordeum vulgare) have been reported (Aharoni et al., 2004; Taketa et al., 2008) . The Arabidopsis shine gain-of-function mutant and plants overexpressing WIN1/SHN1, SHN2, or SHN3 have increased accumulation of epidermal wax, to levels severalfold higher than in the wild type, ectopic wax crystals in leaves, and increased expression of genes involved in wax biosynthesis, including ECERIFERUM1 (CER1), 3-KETOACYL-COA SYNTHASE1 (KCS1), and CER2 (Aharoni et al., 2004; Broun et al., 2004) . Kannangara et al. (2007) reported that cutin was also increased in plants overexpressing WIN1/SHN1. After induction of WIN1/SHN1 expression, the expression of cutin biosynthesis genes was induced, followed by the induction of wax biosynthesis genes (Kannangara et al., 2007) . Recently, loss-of-function analysis using artificial microRNAs revealed that formation of nanoridges, petal surface structures that are composed of cutin, are redundantly regulated by WIN/SHNs (Shi et al., 2011) .
Some MYB TFs are also involved in the regulation of cuticle development. The expression of these genes is affected by environmental stresses and/or developmental stages. For instance, two closely related stress-responsive MYB TFs, MYB30 and MYB96, activate the biosynthesis of very-longchain fatty acids (VLCFAs). Overexpression of these genes induced the hyperaccumulation of epidermal wax (Raffaele et al., 2008; Seo et al., 2011) . MYB41, which is expressed in response to salt, drought, abscisic acid, and cold stresses, regulates cell wall modification, cuticle metabolism (Cominelli et al., 2008) , and short-term expression of salt-responsive genes (Lippold et al., 2009) . Constitutive expression of MYB41 made the leaf surface permeable (Cominelli et al., 2008) . Most homeodomain-leucine zipper (HD-ZIP) group IV TFs, which are specifically expressed in epidermal cells, also regulate the expression of genes related to cuticle development, such as FIDDLEHEAD (FDH) (Abe et al., 2001) . OUTER CELL LAYER1 from maize (Zea mays) also directly (M) Five-week-old MYB16 pro :MYB16-SRDX plant. Bars = 50 mm in (A), (B), right panel of (C), and (I) to (L), 0.5 mm in (E) to (H), and 5 mm in the left panel of (C) and (M).
regulates the expression of WHITE-BROWN COMPLEX11a (ZmWBC11a), an ortholog of At-WBC11, which is involved in the transport of wax and cutin (Javelle et al., 2010) .
Subgroup-9 R2R3 MYB TFs, including snapdragon (Antirrhinum majus) MIXTA, were reported to be required for the development of petal trichomes and for formation of the conical shape of petal epidermal cells. Mutation of MIXTA or petunia (Petunia hybrida) MYB1 prevents anticlinal growth of petal epidermal cells, resulting in altered intensity of petal color (Noda et al., 1994; Glover et al., 1998; Jaffé et al., 2007; Baumann et al., 2007) . Another snapdragon MIXTA-like gene, MYBML1, which is expressed in specialized petal trichomes, induced ectopic differentiation of trichomes on carpels when it was overexpressed (Perez-Rodriguez et al., 2005) . The Arabidopsis noeck (nok) mutant, which has a mutation in NOK/MYB106, exhibited overbranched trichomes, suggesting that NOK/MYB106 negatively regulates trichome branch formation (Folkers et al., 1997; Jakoby et al., 2008) . The phenotypic and transcriptome analysis of glabra3-shapeshifter nok double mutants revealed that NOK/MYB106 regulates early morphogenic events of trichome formation (Gilding and Marks, 2010) . These reports suggest the involvement of MIXTA-like MYBs in the specialization of epidermal cell shape.
In this study, we show that the MIXTA-like Arabidopsis genes NOK/MYB106 and MYB16 participate in the regulation of cuticle biosynthesis, partially cooperating with WIN1/SHN1, in Arabidopsis and Torenia fournieri. Here, we propose another important function of MIXTA-like genes, in addition to their role in epidermal cell differentiation, and explore the regulatory network of MIXTA-like MYBs and WIN1/SHN1.
RESULTS

Constitutive Expression of MIXTA-Like Genes with SRDX-Induced Severe Defect in Cuticle Development
Previously, we selected 50 TFs that likely participate in the regulation of organ development and/or cell differentiation; to examine their functions, we prepared independent Arabidopsis transgenic lines that express the chimeric repressor for each of these TFs (Shikata et al., 2011) . Each chimeric repressor construct was prepared by fusing the TF gene with the SRDX repression domain (Leu-Asp-Leu-Asp-Leu-GluLeu-Arg-Leu-Gly-Phe-Ala; Hiratsu et al., 2003) . The chimeric repressor for a specific TF should repress the target genes of that TF even in the presence of the endogenous TF itself or other TFs activating the same targets. Therefore, the chimeric repressor will induce a phenotype similar to the phenotype of a loss-of-function mutant of a transcriptional activator. If functionally redundant genes activate the same target, the chimeric repressor will phenocopy the multiple mutant phenotype. In examining the chimeric repressor lines, we found that plants expressing a chimeric repressor for MYB106, driven by the cauliflower mosaic virus 35S promoter (35S:MYB106-SRDX ), showed adhesions between leaves and between buds, overbranched, and smooth-surfaced trichomes ( Figures 1A to 1H ). Among 31 T1 transgenic plants, 30 plants showed these phenotypes to a varying extent (see Supplemental Table 1 online). The overbranched trichome phenotype is also observed in nok mutants, which lack MYB106 function (Folkers et al., 1997; Jakoby et al., 2008) . MYB106-SRDX also induced immature-appearing trichomes with fewer branches ( Figure  1H ; see Supplemental Table 2 online). The adhesion phenotypes seen in 35S:MYB106-SRDX plants are similar to the phenotypes of Figure 3 . Phenotypes of the myb106-2 Mutant, MYB16-amiRNA Plant, and MYB16-amiRNA myb106-2 Double Knockout/down in Arabidopsis.
(A) Structure of the MYB106 gene and the position of mutation or T-DNA insertion. T-DNA insertion and mutation of each mutant are shown. Black boxes, a gray box, and a gray arrow indicate coding region, 59 untranslated region, and 39 untranslated region, respectively. (B) qRT-PCR analysis of expression of MYB16 and MYB106 in buds of wild-type, myb106-2, MYB16-amiRNA, and MYB16-amiRNA myb106-2 plants. Expression level in the wild type is set to 1. Error bars represent SE (n = 3 or 4). Single and double asterisks represent P < 0.05 and P < 0.01 by Welch's t test, respectively. Col-0, Columbia-0. (C) to (E) Trichomes in the rosette leaves of myb106-2 (C), MYB16-amiRNA (D), and MYB16-amiRNA myb106-2 (E) plants observed by scanning electron microscopy. mutants with cuticle defects (Yephremov et al., 1999; Wellesen et al., 2001; Bach et al., 2008; Panikashvili et al., 2009) . To examine whether the adhesion phenotype results from a defect in surface cuticle, we used a toluidine blue (TB) test, in which plants with defective cuticle are stained with an aqueous dye that cannot penetrate plants with a normal cuticle (Tanaka et al., 2004) . We found that large parts of the leaves of 35S:MYB106-SRDX plants stained blue, having absorbed a substantial amount of TB ( Figures  1I, 1J , and 1K). Because in Arabidopsis a severe 35S:MYB106-SRDX phenotype resulted in lethality, we examined 35S:MYB106-SRDX lines with a mild phenotype and found that they had reduced epicuticular wax crystals on the stem ( Figures 1L and 1M ) and no nanoridges on petals ( Figures 1N and 1O ). The outgrowth of petal epidermal cells was suppressed, reflecting MIXTA function ( Figures 1N and 1O) . Moreover, the top region and margin of sepals and anthers, and the leaf trichomes stained clearly with TB ( MYB106 belongs to MYB subgroup 9 and is similar to MYB16, MYB17, and the snapdragon MIXTA protein (Stracke et al., 2001) . To examine functional redundancy among MIXTA-like genes, we compared microarray data along with developmental stages using AtGenExpress Visualization Tool (Schmid et al., 2005) and conserved protein motif using SALAD database (Mihara et al., 2008 ; see Supplemental Figure 2 and Supplemental Reference 1 online). These results indicate that expression pattern and protein motif composition of MYB106 gene/protein are much more similar to those of MYB16 rather than MYB17. The phylogenetic tree based on protein motif composition strongly suggests that MYB106 and MYB16 were recently separated in evolutional history because almost the same conserved protein motifs are shared (see Supplemental Figure 2C online), suggesting that MYB16 is a paralogous gene of MYB106. In addition, MYB17 was reported to play a role in the transition of meristem identity (Pastore et al., 2011) . The transgenic plants that expressed the chimeric repressors of MYB16 (35S:MYB16-SRDX) exhibited similar phenotypes to plants expressing 35S:MYB106-SRDX (see Supplemental Figure 3 online), which supported our hypothesis.
Promoter Activities of MIXTA-Like Genes Are Largely Overlapping, with Some Distinct Profiles To validate the above hypothesis further, we performed promoter-reporter experiments with the MIXTA-like genes and found that the promoter activity of MYB106 was relatively high in young trichomes, stems, at the boundaries between stems and pedicels, in flowers, and in the dehiscence zone (see Supplemental Figures 4A to 4E and 5 online), as reported previously (Jakoby et al., 2008) . MYB16 promoter activity was evident in stem, buds, trichomes, epidermis, and mesophyll cells of young leaves (see Supplemental Figures 4F to 4H and 5 online). Detailed observation of flowers revealed that MYB16 and MYB106 appear to be redundantly expressed in young petals, but the expression of MYB16 in petals disappeared slightly earlier (see Supplemental Figure 5 online). These two genes also appeared to be expressed in young carpel, sepal, and stamen tissue. MYB106 appeared to be expressed until stage 12 in long filament, whereas expression of MYB16 in filaments continued until stage 13 (see Supplemental Figure 5 online). These data indicate that the expression of MYB16 and MYB106 overlapped in most but not all tissues.
Expression of MIXTA-Like Genes with SRDX Driven by Their Own Promoters Induced Similar Phenotypes
To analyze the biological functions of MIXTA-like MYBs in more detail, we prepared transgenic plants that expressed each chimeric repressor under the control of its own promoter (MYB106 pro : MYB106-SRDX and MYB16 pro :MYB16-SRDX). We found that (Figures 2A, 2B , 2E, and 2F). Most outgrown trichomes were unbranched, and the total number of outgrown trichomes was reduced in MYB106 pro : MYB106-SRDX plants (see Supplemental Table 2 online). Flattened trichomes seem to be caused by defective trichome outgrowth. TB staining showed permeable cuticles in the flattened trichomes, petals, stamens, part of carpels and sepals, pedicels, and stems ( Figures 2C, 2D , 2G, and 2H), while flowers and pedicels of wild-type plants were not stained (see Supplemental Figure 1A online). The petal epidermal cells of MYB106 pro : MYB106-SRDX plants were flattened and slender and lacked nanoridges ( Figures 2I to 2L ). Among 28 T1 transgenic plants, 16 plants showed the above-described phenotypes to a varying extent (see Supplemental Table 1 online). The petal and trichome phenotypes were more severe than those of 35S: MYB106-SRDX plants. This is probably due to stronger activity of the MYB106 promoter in petals and trichomes or may be due to lethality of 35S:MYB106-SRDX plants with more severe phenotypes. In addition, MYB16 pro :MYB16-SRDX plants showed adhesion of flowers and leaves ( Figure 2M ). These data indicate that MYB106 and MYB16 act on organ separation and cuticle development in the tissues where they are normally expressed and that almost all of the phenotypes observed in the 35S:MYB106/16-SRDX plants were partly reproduced either in MYB106 pro :MYB106-SRDX or MYB16 pro :MYB16-SRDX plants.
Knockdown/out of MIXTA-Like Genes Showed Defects in Cuticle Development
A T-DNA tagged line of MYB106 (myb106-1) was previously shown to have overbranched trichomes (Jakoby et al., 2008) , but no T-DNA-tagged line was available for MYB16. To analyze whether knockdown lines of MIXTA-like MYBs exhibit defects in cuticle formation, we transformed the MYB106-RNAi (for RNA interference) construct (35S:MYB106-RNAi) into wild-type Arabidopsis and found that the plants with severely or moderately reduced expression of MYB106 and MYB16, respectively, exhibited a weak but similar phenotype to 35S:MYB106-SRDX plants, including organ adhesion inside flowers, TB staining on the edges of sepals and petals, and trichome defects (see Supplemental Figure 6 To analyze the specific function of each gene in cuticle development, we examined single knockout lines for MYB106 and a single knockdown line for MYB16. In addition to myb106-1 (SALK_025449), we analyzed myb106-2 (WiscDsLoxHs 122_02H), in which the T-DNA is inserted close to the start codon ( Figure 3A ). Less-branched or overbranched trichomes were more frequently observed in myb106-2 than in myb106-1, suggesting that myb106-2 is more severe than myb106-1 (see Supplemental Table 2 online). The trichome cell surface was smooth without papillae and, therefore, similar to that in 35S:MYB106-SRDX and MYB106 pro :MYB106-SRDX plants ( Figure 3C ). To generate MYB16 single knockdown and MYB16 and MYB106 double knockout/down plants, an artificial microRNA (amiRNA) construct of MYB16 (MYB16-amiRNA) was introduced into the wild type and myb106-2. The expression of MYB16 in MYB16-amiRNA and MYB16-amiRNA myb106-2 plants was suppressed to approximately half, while the expression of MYB106 in MYB16-amiRNA plants was similar to the wild type ( Figure 3B ). In MYB16-amiRNA plants, the trichome branching number was slightly increased but the papillae still looked normal ( Figure 3D ; see Supplemental Table 2 online). In MYB16-amiRNA myb106-2 plants, the trichome branching number was dramatically increased compared with both MYB16-amiRNA and myb106-2 plants, and papillae on trichomes were similar to myb106-2 plants ( Figure 3E ; see Supplemental Table 2 online). These results suggest that MYB16 is involved in termination of branching, whereas MYB106 is involved in papillae formation, initiation of outgrowth, and termination of branching during trichome development. By contrast, the buds and the flowers of myb106-2 plants were fused and the stamens of MYB16-amiRNA flowers were slightly short ( Figures 3F to 3H ). MYB16-amiRNA myb106-2 plants showed more pronounced phenotypes in which petals were stacked in an unopened flower and stamens were short ( Figure 3I) . We observed the surface of stamen filaments by scanning electron microscopy and found that nanoridges were not formed in 3% of the area of MYB16-amiRNA filaments, in the bottom part of myb106-2 filaments, and in the whole MYB16-amiRNA myb106-2 filaments (Figures 4A to 4C ). These data indicate that MYB16 and MYB106 regulate nanoridge formation in filaments. In addition, reduction of nanoridge formation and defects of cell outgrowth in myb106-2 petals were enhanced in MYB16-amiRNA myb106-2 plants, suggesting redundant function of the MIXTA-like genes in petal cell morphogenesis and supporting the results of chimeric repressor experiments ( Figure  4D ). In addition, the myb106-2 plants produced siliques that were glossy due to the lack of white wax crystals on their surface, indicating a role for MYB106 in wax production ( Figures 3K to 3M ).
MYB106 Can Induce Ectopic Formation of Nanoridges and Waxy Cuticle Substances
To analyze whether MIXTA-like MYBs have the ability to induce biosynthesis of wax and related substances, we generated plants that expressed the dominant active form of MYB106, in which the coding region of MYB106 was fused with the VP16 activation domain from herpes simplex virus (35S:MYB106-VP16). We found that most of the 35S:MYB106-VP16 plants exhibited less-branched trichomes and slightly shiny leaves, opposite to the phenotypes of the 35S:MYB106-SRDX plants ( Figures 5A and 5L to 5N ; Aharoni et al., 2004) . Observation by scanning electron microscopy revealed that the nanoridges that usually develop on petal epidermis were ectopically produced on the leaves of 35S:MYB106-VP16 plants ( Figures 5C and 5D ). In addition, plate-like wax crystals occasionally accumulated on the leaves of 35S:MYB106-VP16 and 35S:WIN1/SHN1 plants, which were used as the positive control ( Figures 5E and 5G) . 35S:MYB106 plants, without the VP16 activation domain, also exhibited less-branched trichomes, increased nanoridges on petals, ectopic nanoridge formation on the carpel, and ectopic plate-like wax crystals on leaves when an efficient transcriptional terminator was employed for plasmid construction (Figures 5F and 5I) . Also in Torenia, the 35S:MYB106 construct induced overaccumulation of wax crystals on the leaves ( Figure  5K ). These results indicate that MYB106 has the ability to induce ectopic formation of cutin nanoridges and epicuticular wax in aboveground organs.
Chimeric Repressors of WIN/SHNs Induced Severe Cuticle Defects and Morphological Changes
By analysis of triple knockdown lines, overexpression lines, and gain-of-function mutants, three WIN/SHN TFs belonging to the AP2/ERF TF family were previously shown to redundantly regulate the biosynthesis of cuticular wax and cutin (Aharoni et al., 2004; Broun et al., 2004; Kannangara et al., 2007; Shi et al., 2011) . Compositional changes of cutin monomers and wax and morphological changes in petal epidermal cells were reported in the WIN1/SHN1 knockdown lines (Kannangara et al., 2007; Shi et al., 2011) . To analyze the biological function of WIN/SHNs in more detail, we generated transgenic Arabidopsis that expressed the WIN1/SHN1 chimeric repressor (35S:WIN1-SRDX) and found that these plants exhibited much more dramatic phenotypes than those of the triple knockdown line, namely, adhesion of leaves, increased surface permeability, and reduction of epicuticular wax crystals, suggesting that the chimeric repressor overcame the genetic redundancy of WIN/SHNs ( Figures 6A to 6E and 6G) . Among 65 T1 transgenic plants, 52 plants showed the above-described phenotypes to a varying extent (see Supplemental Table 1 online). In addition, we also analyzed the function of SHN3, a homolog of WIN1/SHN1, and found that 35S:SHN3-SRDX plants exhibited more severe flower phenotypes than 35S:WIN1-SRDX plants: Bud and pedicel were fused, and the petal had no nanoridges (see Supplemental Figure 7 online). We also generated transgenic Torenia expressing WIN1-SRDX and found that this construct induced a permeable cuticle (see Supplemental Figure 7G online). These results suggest that WIN/SHNs have essential roles in both the development of cutin and wax and in organ separation.
MIXTA-Like MYBs Regulate the Expression of Genes for Cuticle Biosynthesis in a Similar Manner to WIN/SHNs
To investigate the role of MIXTA-like MYBs in cuticle development, we performed microarray experiments on 35S:MYB106-SRDX, 35S:WIN1-SRDX, 35S:MYB106-VP16, and 35S:WIN1 plants. We found that the 35S:MYB106-SRDX and 35S:WIN1-SRDX plants have similar transcriptomes (r = 0.558 for all genes; Figure 7A ). More than 50% of the genes downregulated in the 35S:WIN-SRDX plants (fold change < 0.5 and P value < 0.05; false discovery rate [FDR] < 0.048, 1585 genes) are also downregulated (fold change < 0.5 and P value < 0.05; FDR < 0.0291, 2664 genes) in 35S: MYB106-SRDX plants ( Figure 7B ). Genes involved in cuticle development, including fatty acid elongation and wax biosynthetic pathways, cutin biosynthesis, and lipid transport, were overrepresented among the genes downregulated in 35S:MYB106- Single and double asterisks indicate P < 0.05 and P < 0.01 in Welch's t test, respectively. SRDX and 35S:WIN1-SRDX plants and were also overrepresented among the genes upregulated in 35S:MYB106-VP16 and 35S: WIN1 plants ( Figure 7C ; see Supplemental Tables 3 and 4 
online).
Further detailed analyses using quantitative RT-PCR (qRT-PCR) revealed that the expression of FDH (Yephremov et al., 1999; Pruitt et al., 2000) ; KCS1 (Todd et al., 1999) ; CER1 and CER2 (Jenks et al., 1995) , which are required for wax accumulation; LACERATA (Wellesen et al., 2001 ) and LONG-CHAIN ACYL-COA SYNTHETASE2 (Schnurr et al., 2004) , which are involved in cutin biosynthesis, was reduced in both 35S: MYB106-SRDX and 35S:WIN1-SRDX plants, suggesting that cuticular wax and cutin biosynthesis were downregulated in these lines ( Figure 8A ). The expression of cutin biosynthetic genes was downregulated in flowers of 35S:MYB106-SRDX and 35S:WIN1-SRDX plants ( Figure 8B ) and to a lesser extent in flowers of myb106-2, MYB16-amiRNA, and MYB16-amiRNA myb106-2 plants ( Figure 8C) . Conversely, the expression of genes involving in the biosynthesis of wax and cutin was increased in MYB106-VP16 plants and in 35S:WIN1 plants ( Figure  8D ), but the entire transcriptomes of these plants showed more differences than did MYB106-SRDX and WIN1-SRDX plants.
MIXTA-Like MYBs Act as Positive Regulators of WIN1/SHNs
As suggested by the microarray experiments described above, it is plausible that MYB106 and WIN1/SHN1 may act in a similar cascade for cuticle development. To investigate the relationship between MYB106 and WIN1/SHN1, we performed RT-PCR experiments using seedlings, young buds sampled from a severephenotype line of 35S:WIN1-SRDX plants in which young buds could not grow due to the fusion, and buds sampled from 35S: MYB106-SRDX. We found the expression of MYB106 was not induced by WIN1/SHN1 even though it was downregulated to some extent in 35S:WIN1-SRDX plants ( Figure 9A ). In addition, the promoter activity of MYB106 in transient expression assays using MYB106 pro :LUC was not induced by WIN1-VP16 ( Figure  9F ), suggesting that MYB106 is not downstream of WIN/SHNs in the cascade.
By contrast, the expression of WIN1/SHNs appears to be regulated more precisely by MIXTA-like MYBs because the expression of WIN1/SHN1 was apparently reduced in flowers of 35S:MYB106-SRDX plants ( Figure 9B ). It should be noted that, in seedlings, we did not detect reduced expression of WIN1/ SHN1, which was not expressed in the seedling stage (Broun et al., 2004) . Moreover, MYB106, MYB106-VP16, and MYB16-VP16 also activated the WIN1/SHN1 promoter ( Figures 9D and  9G ). In addition, mRNA expression of WIN1/SHN1 was upregulated in 35S:MYB106-VP16 plants ( Figure 9B ), and WIN1/ SHN1 promoter activity was ectopically activated in 35S:MYB106 plants ( Figure 9D ). These results suggest that MYB106 acts as a positive regulator of WIN1/SHN1. Furthermore, MYB106 and MYB16 activate the promoter of CYP86A4, which was reported to be a putative direct target of WIN1/SHN1. However, activation of CYP86A4 by MYB106 was 24-fold higher than the activation by WIN1/SHN1 ( Figure 9I ; Shi et al., 2011) . This raises the possibility that MYB106 also has an important role in the regulation of CYP86A4. Our results indicate that MYB106 positively regulates WIN1/SHN1 expression, but its function may not depend on WIN1/SHN1 completely.
DISCUSSION
In this study, we identified a chimeric repressor that induced an organ adhesion phenotype, which is often observed in mutants defective in cuticle biosynthesis or transport. Following up on that observation, we found that one of the MIXTA-like MYBs, MYB106, which regulates the morphology of epidermal cells (Jakoby et al., 2008; Gilding and Marks, 2010) , is a positive regulator of cuticle development. Here, we discuss the roles of the MIXTA-like MYBs in cuticle development and the functional relationship between MYB106 and WIN1/SHN1 in the regulation of cuticle development.
The Role of MIXTA-Like MYBs in Cuticle Development in the Context of Epidermal Cell Differentiation MIXTA-like MYBs from snapdragon, petunia, and Arabidopsis are known to regulate epidermal cell specification, morphology, and maturation; their roles in trichomes and petal epidermal cells are particularly well studied (Noda et al., 1994; Folkers et al., 1997; Glover et al., 1998; Baumann et al., 2007; Jaffé et al., 2007; Jakoby et al., 2008) . Our results from chimeric repressor, activator, and knockout/down experiments also supported the above-mentioned functions of MIXTA-like MYBs (see Supplemental  Tables 5 and 6 online). During the elongation of epidermal cells in an aerial organ, wax and cutin are loaded onto the outer surface of the epidermal cells (Suh et al., 2005) . Cuticle composition varies in different organs, as exemplified by the petal, which has specialized cutin architecture, including structures such as nanoridges. Development of the cuticle occurs simultaneously with epidermal cell specialization. We found that MIXTA-like MYBs are common regulators of nanoridge formation and wax load as part of specialization of petal conical cells and cell elongation in filaments and siliques, which are made of nonoutgrown flat cells. Therefore, we propose a role for MIXTA-like MYBs in the MYB16 regulates epidermal morphogenesis and cutin biosynthesis and likely regulates wax and VLCFA biosynthesis together with MYB106. MYB106 regulates epidermal cell morphogenesis, trichome maturation, wax and VLCFA biosynthesis, cutin biosynthesis, and WIN1/SHN1 expression. WIN1/SHN1 was shown to regulate cutin and wax biosynthesis directly or indirectly (Kannangara et al., 2007; Shi et al., 2011) . MYB106 regulates cutin biosynthesis via WIN1/SHN1-dependent and -independent pathways. regulation of cuticle development during the differentiation of epidermal cells.
MIXTA-Like MYBs Are Global Regulators of Cuticular Substances
We demonstrated that MIXTA-like MYBs regulate biosynthesis of cutin nanoridges and wax accumulation by promoting the expression of related genes, based on the results of loss-offunction and gain-of-function analyses of MYB106 and MYB16. In addition, the expression pattern and promoter analysis of each MIXTA-like MYB gene suggested that they are expressed in stems and pedicels, where wax is actively produced. Several Arabidopsis mutants defective in cutin accumulation exhibit a similar phenotype to loss-of-function mutants of MIXTA-like MYBs. For instance, mutation of DEFECTIVE IN CUTICULAR RIDGES, which encodes a soluble diacylglycerol acyltransferase required for cutin polyester formation, induces organ fusion in leaves, flowers, and seeds and changes in the decoration of petal conical cells (Panikashvili et al., 2009; Rani et al., 2010) . The CYP86A8 defective mutant (lcr), which fails to catalyze v-hydroxylation of fatty acids ranging from C12 to C18:1, also exhibits postgenital fusion in inflorescences and strong leaf fusion (Wellesen et al., 2001 ). Our loss-and gain-of-function analysis of MYB106 and MYB16 revealed that they regulate the expression of these cutin biosynthesis genes. In addition, the organ fusion and permeable cuticle phenotypes that were observed in 35S:MYB106-SRDX plants were also observed in mutants of the VLCFA biosynthetic genes FDH, COA CAR-BOXYLASE1, and PASTICCINO2 (PAS2), which encode a 3-ketoacyl-CoA synthase gene, the main enzyme in cytosolic malonyl-CoA synthesis, and 3-hydroxy-acyl-CoA dehydratase, respectively (Lolle et al., 1992 (Lolle et al., , 1997 Yephremov et al., 1999; Bach et al., 2008; Lü et al., 2011) . The expression of these enzymatic genes was also regulated by MYB106. PAS1 and PAS2, which were identified as mutants of cell proliferation, are involved in the biosynthesis of VLCFA and its derivatives, including sphingolipids, which are required for polar auxin transport and tissue patterning during plant development and for cell plate formation during cytokinesis (Roudier et al., 2010; Bach et al., 2011) . Although the expression of PAS1 was not affected by MYB106 expression modification, the expression of PAS2, BETA-KETOACYL REDUCTASE1, and CER10, which encode enzymes associated with PAS1 (Roudier et al., 2010) , was reduced (0.5-, 0.45-, and 0.57-fold of the wild type) in the MYB106-SRDX plants and was increased (2.36-, 1.43-, and 1.11-fold of the wild type) in the MYB106-VP16 plants, respectively, in our microarray data. MYB106 may affect plant development through VLCFA biosynthesis; therefore, we propose that MIXTA-like MYBs act as global regulators of cuticular substances that regulate surface coating and developmental signaling.
Coordinate Regulation of Cuticle Development by MYB106 and WIN1/SHN1
In addition to WIN/SHN, HD-ZIP IV TFs, including HDG1, which regulates epidermal cell-specific expression via the L1-box promoter motif, are also involved in cuticle formation during plant development. These TFs regulate the FDH and BDG genes, which have an L1-box in their promoter regions (Abe et al., 2001; Wu et al., 2011) . The expression of WIN1/SHN1 is not affected in HDG1 overexpression plants and 35S:HDG1-SRDX plants, suggesting that WIN1/SHN1 is not regulated by HDG1 . By contrast, overexpression of CFL1, which encodes a WW domain protein that interacts with HDG1, induced the expression of WIN1/SHN1 . In this study, we found that MYB106 regulates the expression of WIN1/SHN1. WIN/SHNs induced the expression of CYP86A7, CYP86A4, and BDG3 (Shi et al., 2011) , which were downregulated in MYB106-SRDX and upregulated in MYB106-VP16 plants. MYB106 activates the promoter of CYP86A4, one of the putative target genes of WIN1/ SHN1, much more strongly than WIN1/SHN1 activates this promoter. There is no apparent evidence of a direct interaction between WIN1/SHN1 and MYB106; therefore, these data suggest that MYB106 and WIN1/SHN1 independently regulate CYP86A4 expression. As described in Figure 10 , we propose that MIXTA-like MYBs regulate cuticle development, epidermal cell morphogenesis, and trichome branching partly through WIN/SHNs. However, further study is still needed to clarify how and to what extent these processes are linked by the regulation of MIXTA-like MYBs, WIN/SHNs, and other TFs.
METHODS Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Columbia-0 and Torenia fournieri 'Crown Violet' (Aida et al., 2000) were used as plant materials. For the Arabidopsis MYB106 mutants (myb106-1 and myb106-2), we used the T-DNA-tagged line SALK_025449 and WiscDsLoxHs 122_02H, respectively. Arabidopsis plants were grown at 22°C in a 16-h/8-h light/dark photoperiod. Seedlings were grown on solid agar media supplemented with Murashige and Skoog salts, 5 g/L Suc, and 0.5% MES and transferred onto soil ;15 d after germination. The growth conditions for Torenia flower plants and the preparation of transgenic 35S:MYB106-SRDX Torenia were described previously (Shikata et al., 2011) .
Construction of Plasmids and Plant Transformation
To construct 35S:WIN1-SRDX, 35S:SHN3-SRDX, 35S:MYB106-SRDX, 35S:MYB16-SRDX, and 35S:MYB106-VP16, the protein-coding regions of WIN1/SHN1, SHN3, MYB106, and MYB16 were amplified by PCR using the appropriate primers (see Supplemental Table 7 online) and were cloned into the SmaI site of p35SSRDXG and p35SVP16G as described previously (Mitsuda et al., 2006 . For 35S:WIN1 and 35S:MYB106 constructs, the coding regions of WIN1/SHN1 and MYB106 with the stop codon were cloned into the SmaI site of p35SG and p35SHSPG , respectively, as described previously (Mitsuda et al., 2006) . To construct MYB106 pro :MYB106-SRDX and MYB16 pro :MYB16-SRDX, the 59 upstream regions, ;3000 bp from the site of initiation of translation, of MYB106 and MYB16 genes were amplified by PCR and cloned into the AscI-BamHI site of pSRDX-NOS_entry vector (Mitsuda et al., 2007) . The coding regions of MYB106 and MYB16 were subcloned into the SmaI site of the resulting plasmids. The transgene cassette was transferred into the T-DNA destination vector pBCKH by Gateway LR reaction in each case (Mitsuda et al., 2006) . The 59 upstream regions of ;3000 bp from WIN1/ SHN1 and MYB16 were amplified by PCR and cloned into pDONRG_P4P1R by Gateway BP reaction. Preparation of the conventional entry clone of MYB106 was previously described (Mitsuda et al., 2010) .
For the construction of WIN1 pro :GUS, MYB106 pro :GUS, and MYB16 pro :GUS, the cloned promoter fragment was transferred, by Gateway LR reaction, into the T-DNA vector R4L1pDEST_GUS_BCKK, which is based on the previously described pBCKK vector (Mitsuda et al., 2006) and has attR4-attL1 Gateway cassette followed by the coding sequence of b-glucuronidase (GUS) and nopaline synthase terminator. The coding sequence of MYB106 was transferred, by Gateway LR reaction, into pHG8_HPT, in which the NPTII gene is substituted for the HPT gene in pHellsgate8 (Helliwell and Waterhouse, 2003) to construct 35S:MYB106-RNAi. The above-listed constructs and the MYB16-amiRNA construct (CSHL_070039) were transformed into Arabidopsis plants by the floral dip method (Clough and Bent, 1998) . Transformation of Torenia flower was described previously (Aida and Shibata, 1995) .
Scanning Electron Microscopy
The modified mold-cast technique was employed for preparing the samples (Williams et al., 1987; Jernstedt et al., 1992) . Casts were coated with gold in a sputter coater (MSP-1S Magnetron Sputter; Vacuum Device). The replicas and fresh samples were examined using a scanning electron microscope (real 3D system model VE8800 and VE7800; Keyence) at an accelerating voltage of 1 or 2 kV. The area of nanoridge formation was calculated by Axio Vision 4.8 (Carl Zeiss).
Staining of Plants
Three-week-old Arabidopsis plants grown on Murashige and Skoog medium, mature Arabidopsis leaves and flowers, and Torenia flower leaves grown in culture pots were stained in TB following the method of Tanaka et al. (2004) . The stained seedlings were washed by water and homogenized in cell lysis buffer (TOYO B-Net). Protein amounts in the extracts were measured using a Bio-Rad protein assay kit, which is based on the Bradford method (Bio-Rad). The GUS activity was detected by staining as described previously (Mitsuda et al., 2005 ) using 2-week-old seedling or buds. Ruthenium red staining of seed mucilage was performed as described by Penfield et al. (2001) .
RNA Analysis
Total RNA was isolated from seedlings of 3-week-old T1 or T2 plants grown on hygromycin-containing medium or bud clusters of plants grown in soil. RNA was isolated by the Trizol method (Fukuda et al., 1991) or with an RNeasy plant mini kit (Qiagen) and treated with DNase I (Takara) or the RNase-Free DNase Set for use with RNeasy/QIAamp columns (Qiagen). For RT-PCR analysis, first-strand cDNA was synthesized using ReadyTo-Go You-Prime first-strand beads (GE Healthcare) or a PrimeScript RT reagent kit (Takara). qRT-PCR was performed by the SYBR green method using the ABI 7300 real-time PCR system (Life Technologies) with MESA BLUE qPCR Master Mix Plus for SYBR Assay (Eurogentec) and the appropriate primers (see Supplemental Table 8 online). The cycle threshold value for each sample was automatically calculated by the software provided by the manufacturer. The relative level of transcript in each sample to the standard sample was calculated using the standard curve. The expression of each transcript was normalized against the amount of PP2AA3 control transcripts in each sample. More than three biological replicates were included in each experiment. Results are presented as the mean 6 SD. The absence of an error bar indicates that the bar falls within the symbol.
Microarray Experiments
The microarray experiments were performed using Agilent Arabidopsis (V3; 4x44k) microarrays (for 35S:MYB106-SRDX, 35S:WIN1-SRDX, and 35S:WIN1 plants) or Arabidopsis (V4; 4x44k) microarrays (for the 35S: MYB106-VP16 plant) according to the manufacturer's' instructions. Three or four biological replicates were tested in a one-color method. In each case, 1 mg of total RNA was used as starting material. Spot signal values were calculated by Feature Extraction version 9.1 software supplied by Agilent. We defined QC value as 1 when a spot passed the "FeatNonUnifOL" filter and as 2 when the spot further passed the "FeatPopnOL" filter and defined the detection value as 1 when a spot passed the "IsPosAndSignif" filter and as 2 when the spot further passed the "IsWellAboveBG." All signal values were divided by the median value among spots with QC = 2 followed by quantile normalization using all previously obtained microarray data to make each signal distribution the same. Spotto-gene conversion was accomplished based on a table provided by The Arabidopsis Information Resource (ftp://ftp.Arabidopsis.org/home/tair/ Microarrays/Agilent/agilent_array_elements-2010-12-20.txt). For the genes corresponding to two or more probes, the average values were used. Genes with average QC value < 1.5 in the test sample or the reference sample were excluded from subsequent analyses. Only genes with average detection value $ 1.5 in the reference sample were analyzed when selecting downregulated genes. The P value of each gene was calculated by Welch's t test. To estimate FDR, we calculated Q-value from P value using QVALUE software with default settings (Storey and Tibshirani, 2003) and selected downregulated genes in 35S:MYB106-SRDX and 35S: WIN1-SRDX plants, respectively, as the genes downregulated to <0.5 fold with P value < 0.05 (FDR was <0.05 in both experiments). Binomial test was performed using R (http://www.r-project.org/).
Transient Expression Assay
Details of the transient reporter-effector particle bombardment assay were described elsewhere . Preparation of conventional entry clones for WIN1/SHN1, SHN2, SHN3, MYB106, MYB16, and VAMP722 was described by Mitsuda et al. (2010) . VAMP722, which localizes to the vacuolar membrane, was used as a negative control (Uemura et al., 2004) . For effector constructs, the contents of each entry clone were introduced into the modified vectors pDEST35SHSP or pDEST35SVP16HSP derived from p35SG and p35SVP16G by Gateway LR reaction. For reporter constructs, 59 upstream regions of 2000 to 3000 bp from WIN1/SHN1, MYB106, and CYP86A4 were amplified by PCR using appropriate primers (see Supplemental  Table 7 online) and cloned into pDONRG-P4P1R by Gateway BP reaction . The contents of each plasmid were transferred into the modified vectors R4L1pDEST_LUC_HSP derived from p190LUC-NOS by Gateway LR reaction. Effector and reporter plasmids were cobombarded into rosette leaves of Arabidopsis grown in short-day (10-h-light/14-h-dark cycle) conditions. As the internal reference, a modified Renilla luciferase (RLUC or hRLUC; Promega) gene driven by the 35S promoter and terminated by HSP terminator (pRLHSP or phRLHSP; Nagaya et al., 2010) was also cobombarded to normalize the reporter activities.
Motif Analysis
Proteins belonging to MYB subgroup 9 were collected as follows. Proteins with significant homology to MYB106 were collected by first BLAST search against the nonredundant peptide database of the National Center for Biotechnology Information GenBank, and among them, the proteins that reversely top-hit to MYB106, MYB16, or MYB17 by second BLAST search against Arabidopsis in all peptide database were defined as MYB subgroup 9 proteins. Representative protein was further manually selected when multiple proteins share more than 95% amino acid sequence identity. Conserved protein motifs in the collected proteins (see Supplemental Data Set 1 online) were analyzed by Interactive SALAD analysis of the SALAD database (Mihara et al. 2008 ).
Accession Numbers
Sequence data from this article can be found in The Arabidopsis Information Resource under the following accession numbers: WIN1/SHN1 (AT1G15360), SHN2 (AT5G11190), SHN3 (AT5G25390), MYB106/NOK (AT3G01140), and MYB16 (AT5G13510). All microarray data were registered in National Center for Biotechnology Information Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE31887.
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